ment of the inflammatory response associated with sepsis and support the notion that P2X7 receptor is a valid therapeutic target against inflammatory diseases.
Introduction
Sepsis is the major cause of death in intensive care units worldwide and the mortality rate of severe sepsis reaches 60% in some parts of the USA [1, 2] . Sepsis is a complex condition currently defined as a systemic inflammatory response syndrome triggered by an infectious agent, often leading to shock, multiple organ failure and death [2, 3] .
Tissue damage caused by sepsis occurs due to an exacerbated production of reactive oxygen and nitrogen species, infiltration of inflammatory cells recruited by chemokines and the presence of proinflammatory cytokines [3] [4] [5] . Together, these phenomena generate an ineffective response to the infectious agent, which continues to spread and multiply [4, 5] . Specific cytokines, including IL-6, IL-1β and TNF-α, appear to be involved in sepsis development, because serum levels of these inflammatory mediators increase 24 h after the induction of polymicrobial sepsis by cecal ligation and puncture (CLP) [6] .
Uncontrolled activation of the innate immune system, including cellular activation, is one of the main components involved in the physiopathology of sepsis [4, 5] . Macrophages and neutrophils are key effector cells of the innate immune system that play an important role in sepsis resolution, although they also contribute to increase the disease severity [6] [7] [8] . They are myeloid cell populations from the innate immune system that recognize microbes and initiate the inflammatory process, kill bacteria and secrete chemokines to attract other cells to the inflamed site [6, 7] .
The P2X7 receptor is expressed in many cell types, including immune system cells such as macrophages, mast cells, lymphocytes, and dendritic cells, and it plays an important role in inflammatory processes, having emerged as an attractive therapeutic target for the treatment of inflammatory diseases [9, 10] . P2X are ionotropic receptors activated by extracellular ATP (eATP) [11] , which can act as a mediator of intercellular communication, conveying a 'danger' signal when found in sufficiently high concentrations [12] . Modulation of inflammatory responses by eATP is partly due to indirect chemotactic properties of this signaling mediator, because eosinophils and neutrophils migrate into tissues with high eATP concentrations [9, 12] . Activation of the P2X7 receptor by eATP induces NLRP3 inflammasome assembly and activation of caspase-1, which cleaves pro-IL-1β into mature IL-1β, which is then released and promotes inflammation [13] . Besides that, the P2X7 receptor activation also induces extracellular release of ATP through this particular receptor [14] , potentiating inflammatory events such as cell death by apoptosis or necrosis [9] .
The P2X7 receptor plays a role in responses to infections by intracellular bacteria such as chlamydia and mycobacteria, whose survival in host cells is increased in the absence of this receptor [15] [16] [17] . Despite the importance of the P2X7 receptor in inflammatory responses to pathogens, it is not established whether this receptor has a role in sepsis-induced inflammation.
Here, we use a mouse model to investigate the role of P2X7 receptors during sepsis. We show that, in the absence of the P2X7 receptor, the innate immune response that is a hallmark of sepsis is attenuated systemically, resulting in increased mouse survival and reduced inflammatory burst.
Materials and Methods

Animals
In this study, we used male 2-month-old C57BL/6 mice, either WT or null mutants for the P2X7 receptor (P2X7KO). The animals were manipulated following the guidelines of the ethical committee of the Federal University of Rio de Janeiro (IBCCF039 document) and were maintained in an acclimatized animal facility with sterilized water and commercial food. P2X7KO mice (originally from Jackson Laboratory, USA) were maintained in the transgenic animal house of the Federal University of Rio de Janeiro.
Cecal Ligation and Puncture
WT and P2X7KO mice were anesthetized by intraperitoneal injection of a mixture of 112.5 mg/kg ketamine and 7.5 mg/kg xylazine (both from König Laboratories, Avellaneda, Argentina) and then subjected to laparotomy, with the production of an abdominal incision of 1 cm from which the cecum was exposed. Feces were gently pushed to the end of the cecum, which was then ligated below the ileum-cecal junction, forming a pouch. Two punctures were made with a 21G needle, and feces were gently squeezed out to induce polymicrobial peritonitis. The cecum was then returned to the peritoneal cavity and the abdominal wall was closed by suture. Sham-operated animals had their cecum exposed but not punctured and henceforth are referred to as 'Sham'.
Mouse Sample Collection and Estimation of Bacterial Load
Blood samples were collected from the ocular plexus of operated mice under anesthesia 24 h after CLP. Then, the animals were killed before collection of a peritoneal wash and lungs. Peritoneal washes were kept on ice and mouse lungs were fixed in 10% formalin.
Blood samples were diluted to 1: 500 in PBS, and 20 μl of this suspension were seeded on Agar plates (Sigma-Aldrich, USA), which were then incubated for 48 h at 37 ° C. After incubation, the colonies were counted and the number of bacterial colony-forming units (CFU) in original blood samples was calculated; this measure was used as an estimate of the bacterial load in septic animals.
Nitric Oxide Quantification
Nitric oxide (NO) levels in peritoneal wash and in blood were estimated by using the Griess reagent method [18] . Briefly, samples were spun at 500 g for 15 min at room temperature and 100 μl of supernatant was added to 100 μl of the Griess reagent, consisting of 1% sulfanilamide (Sigma-Aldrich, USA) and 0.1% N-1-naftiletilenediamine in 5% H3PO. After a 15-min incubation period, color development was detected by absorbance at 570 nm in a SpectraMax-M5e (Molecular Devices, USA).
Peritoneal Cell Counting
Peritoneal washes were centrifuged at 500 g for 15 min, the supernatant was removed and the pellet of cells was resuspended in 1,000 μl of DMEM (Gibco; Life Technologies, USA). The number of viable cells in this suspension was determined by direct cell counting in a hemocytometer, using the exclusion dye trypan blue. After cell counting, 4 × 10 4 cells were seeded onto slides using a cytospin (750 g for 5 min). The slides were stained using May-Grünwald Giemsa and observed in a light microscope. Stained cells were classified as mononuclear or polymorphonuclear.
Peritoneal Cell Phenotyping
Viable cells in the peritoneal wash were counted as previously described and plated on 96-well plates at a density of 2 × 10 5 cells/ well. Samples were then incubated for 1 h in blocking buffer (0.25% 419 BSA and 1% horse serum in PBS) and labeled (for 30 min at 4 ° C) with one of the following antibodies: anti-CD4-Alexa488, anti-CD8-PE, anti-CD11b-PE or anti-Ly6G-FITC (all from e-Bioscience) used at a final concentration of 1 μg/ml (in 1% BSA in PBS). After labeling, the cells were washed twice in 1% BSA in PBS and then analyzed in a FACSCalibur flow cytometer (BD Biosciences, USA). The percentage of positive cells was applied to the total number of cells in each peritoneal wash to produce estimates of absolute numbers of cells from each cell type in individual peritoneal washes.
Cytokine Measurements
Levels of cytokines IL-1β, IL-12, IL-4, IL-10, IL-6, IL-17, TNF-α, and TGFβ were estimated by ELISA (PeproTech, USA) in the peritoneal fluid following the manufacturer's instructions. Briefly, wells were coated with capture anti-cytokine antibodies overnight, washed and then incubated for 2 h in blocking buffer (10% horse serum in PBS). After a washing step, samples were added to wells and incubated for 2 h. The plates were then washed, incubated for 2 h with 0.5 μg/ml of the detection antibody, washed again, and incubated with HRP-Avidin, (1: 2,000 dilution) for 30 min. Finally, ABTS [2,2 ′ -azino-di(3-ethylbenzthiazoline-6-sulfonate)] was added, color development was monitored and absorbance was measured in a SpectraMax-M5e (Molecular Devices) at 450 nm. ELISA data analysis was performed using the GraphPad Prism 5.0.
Apoptosis Analysis
Briefly, cells collected from peritoneal washes as described above (1 × 10 5 cells/sample) were resuspended in 100 μl of Annexin V Binding Buffer (BioLegend, USA), to which FITC Annexin V and propidium iodide (PI) were added according to the manufacturer's instructions (BioLegend). Samples were gently vortexed, incubated for 15 min at room temperature in the dark and then analyzed using a FACSCalibur (BD Biosciences).
Histological Processing
Lungs were collected from operated mice and fixed in 10% buffered formalin as described above. They were dehydrated in a series of three ethanol solutions (two of 90% and the last of 100%) and xylene (100%) and then embedded in paraffin. Sections of paraffin blocks of embedded organs were stained with hematoxylineosin (HE) as described by Monção-Ribeiro et al. [18] in 2011. Slides were mounted using Entellan ® (Merck Millipore, Germany), and samples were imaged on a NIKON E 400 light microscope (Nikon, Japan) coupled with an EVOLUTION digital camera (Media Cybernetics, USA).
Statistical Analysis
Data were analyzed in GraphPad Prism 5.0 and statistically significant differences between experimental groups were detected using Student's t test (p < 0.05). A Kaplan-Meier analysis was performed to obtain the number of animals at risk. Figures are representative of three or more experiments, and at least 5 animals were used per experimental group for in vivo experiments. Flow cytometry data were analyzed using the WinMDI program (V2.8; Scripps Research Institute, La Jolla, USA). At least 10,000 cells were analyzed for each sample. Unpaired Student's t tests were used for statistical analysis of flow cytometry data.
Results
P2X7KO Animals Are Less Susceptible to Sepsis Induced by CLP
We evaluated the sensitivity of WT and P2X7KO animals to CLP-induced sepsis as an initial step to examine whether the P2X7 receptor has a role in sepsis development. Sepsis was induced by two perforations in the cecum and the survival of operated mice was monitored for 7 days. P2X7KO animals were considerably less sensitive to CLP-induced sepsis compared to WT animals (60% overall survival compared to 30% in the WT), and fewer animals were at risk of death in this group ( fig. 1 a) . To confirm that P2X7KO animals did not express the native P2X7 receptor, PCR analysis was performed. The amplification of the native sequence did not occur in P2X7KO animals, in contrast to WT mice (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000371388).
The largest number of deaths was observed within 48 h of sepsis induction ( fig. 1 a) , although death occurred as early as 24 h after CLP, and the latter time point was chosen for sample collection (blood, peritoneal washes and lungs) to examine early steps in sepsis development in P2X7KO mice. After 24 h of sepsis induction, high bacteremia ( ≥ 1 × 10 4 CFU/ml) was detected in both WT and P2X7KO animals ( fig. 1 b) . However, animals without the P2X7 receptor showed fewer circulating bacteria ( fig. 1 b) . A similar profile was also obtained when the bacterial load was estimated in the peritoneal cavity (data not shown).
We quantified, by direct counting, the cells found in a peritoneal wash collected 24 h after CLP to compare immune system cell recruitment to the peritoneum in WT and P2X7KO animals. Strikingly, immune system cells were recruited to the peritoneum after CLP in the WT group but not in the P2X7KO group ( fig. 1 c) .
Neutrophils and CD8+ T Lymphocytes Were Not Recruited to the Peritoneum in P2X7KO Mice Subjected to CLP
To investigate which cell types were recruited to the peritoneum after sepsis induction, we performed light microscopy analysis of peritoneal wash cells after cytospin ( fig. 2 ). Increased numbers of polymorphonuclear cells were found in peritoneal washes from WT animals subjected to CLP ( fig. 2 c, black arrows) , while polymorphonuclear cells were not recruited to the peritoneum in P2X7KO animals ( fig. 2 d, black arrows) .
Phenotyping of peritoneal wash cells by flow cytometry (using specific markers of immune system cells) Fig. 1 . P2X7KO mice have significantly reduced sensitivity to sepsis induced by CLP. a Animal survival was monitored for 7 days after CLP and a Kaplan-Meier analysis of the number of animals at risk of death was performed. Blood samples and peritoneal washes were collected from animals 24 h after sepsis induction by CLP, and the number of bacterial CFU was estimated in blood samples ( b ), while the total number of cells was estimated in peritoneal washes ( c ). * p ≤ 0.05: statistically significant difference between treated and control groups (e.g. WT CLP vs. WT Sham); # p ≤ 0.05: statistically significant difference between mouse strains (e.g. WT CLP vs. P2X7KO CLP). Charts represent results from 5 independent experiments (n = 5 mice per group) and the survival curve represents results from 3 independent experiments (n = 10 mice per group). showed CLP induction led to the recruitment of neutrophils (Ly6G+ cells) to the peritoneum only in the WT septic animals ( fig. 2 e) . The number of peritoneal CD8+ T lymphocytes also increased significantly after sepsis only in WT mice ( fig. 2 g ). In contrast, the numbers of mononuclear cells (CD11b+, represented mainly by macrophages) and of CD4+ T lymphocytes increased to similar extents both in WT ( fig. 2 f) and P2X7KO animals ( fig. 2 h) after sepsis induction compared to Sham-operated controls.
Inflammatory Mediators Are Reduced in Septic P2X7KO Mice
To produce a broad view of the inflammatory scenario induced by CLP-mediated sepsis in WT and P2X7KO mice, we measured the levels of NO, a key inflammatory mediator during sepsis, and of pro-and anti-inflammatory cytokines in samples collected from mice 24 h after CLP.
NO levels (estimated indirectly by measuring nitrite levels) increased after sepsis induction in WT mice but not in P2X7KO mice ( fig. 3 b) , both in peritoneal washes ( fig. 3 a) and in blood ( fig. 3 b) . Cytokine levels were measured in peritoneal washes to assess localized cytokine activity at the initial site of inflammation. The levels of IL-1β, a proinflammatory cytokine intimately related to P2X7 receptor activation, increased after sepsis induction in WT and P2X7KO mice, although higher IL-1β levels were observed in WT animals ( fig. 4 a) . An important cytokine whose increased expression has been associated with higher sepsis severity is TNF-α [3, 5] , and levels of this cytokine were higher in both WT and P2X7KO mice after sepsis induction compared to those observed in Sham animals ( fig. 4 b) . IL-6 is an acute proinflammatory cytokine regarded as one of the main generators of the systemic inflammatory response in sepsis [3, 4] . CLP induced IL-6 production both in WT and P2X7KO mice, but IL-6 levels in P2X7KO mice subjected to CLP were significantly lower compared to those observed in WT mice ( fig. 4 c) . CLP-induced sepsis led to IL-17 and IL-12 secretion only in WT animals ( fig. 4 d, e) , while IL-4 levels did not change significantly after sepsis induction ( fig. 4 f) .
Finally, the levels of the anti-inflammatory mediators TGF-β and IL-10 increased after sepsis in WT mice ( fig. 5 a) but not in P2X7KO mice ( fig. 5 b) .
Cell Death Was Not Observed in Peritoneal Cells from P2X7KO Mice
The systemic inflammatory response generated by sepsis results in cell death (by apoptosis and necrosis) associated with tissue and organ injury. Assessment of cell death by apoptosis in peritoneal washes using Annexin V and PI staining 24 h after CLP showed an increased percentage of late apoptotic/necrotic cells in WT but not in P2X7KO animals ( fig. 6 a) . The total number of apoptotic cells (Annexin V + PI -) increased in both WT and P2X7KO animals after CLP ( fig. 6 b) , whereas the number of late apoptotic/necrotic cells increased only in WT animals ( fig. 6 c) . 
Lungs from P2X7KO Mice Were Less Damaged after the Induction of Sepsis
To examine the extent of tissue damage produced by CLP-induced sepsis in P2X7KO mice, we performed histological analysis of mouse lungs collected 24 h after CLP.
The changes in lung tissues 24 h after CLP were most evident in WT animals compared to P2XKO animals. These included the enlargement of the alveolar septa (alveolitis), with increased numbers of inflammatory cells in the septa (vascular congestion) and lung cell thickening ( fig. 7 c) . We could also observe blood vessels in some areas, probably carrying inflammatory cells to infiltrate lung tissues ( fig. 7 c) ; in a major magnification, inflammatory cells were visible ( fig. 7 c, inset ).
Discussion
Sepsis is characterized by an exacerbated inflammatory response to infection and remains a serious problem in intensive care units worldwide. Purinergic receptors are involved in several inflammatory processes such as the killing of intracellular bacterial pathogens and lipopolysaccharide (LPS)-induced lung injury [15] [16] [17] [18] [19] [20] . However, little is known about their involvement in sepsis. Here, we investigated inflammation during CLP-induced sepsis using a variety of methods. Taken together, in the absence of the P2X7 receptor our findings show attenuation in systemic inflammation that is central to sepsis development. As a consequence, P2X7KO mice are significantly less sensitive to CLP-induced sepsis.
Currently, ATP is considered a chemotactic factor for neutrophils and macrophages [9] , and it has been shown that the P2X7 receptor releases ATP, as well as being activated by this nucleotide [14] . Thus, P2X7KO septic animals might recruit fewer inflammatory cells to sites of inflammation, as shown in the present work, due to reduced eATP levels [12, 21] . Neutrophils represent one of the major inflammatory cell populations responsible for the immune response during sepsis [7, 9] . Infiltration of the site of infection by neutrophils helps to control the infection but may also compromise the effectiveness of the immune response to bacterial pathogens, as observed during Mycobacterium tuberculosis and Listeria monocytogenes infections, where macrophage, but not neutrophil, activity is important for the establishment of an effective immune response [8, 22] . Here, we showed an increase in the number of neutrophils at the site of inflammation during sepsis in WT but not in P2X7KO mice. However, mice from both animal strains displayed similarly increased numbers of peritoneal macrophages after sepsis induction. Thus, similarly to the situation described for bacterial infections, macrophage activity unrestrained by inhibitory neutrophil infiltration is, at least in part, responsible for the greater resistance to sepsis in P2X7KO mice.
In our model of sepsis, we observed NO production at the site of initial infection and inflammation only in WT mice (only in the presence of the P2X7 receptor). It is likely that this phenomenon is related to reduced macrophage performance and survival in WT mice subjected to CLP, since high NO levels during sepsis can impair macrophage function through a reduction in cytokine production and macrophage apoptosis [22, 23] . On the other hand, NO also induces neutrophil activation at the site of infection, triggering a proinflammatory response [24] , which is likely to increase sepsis severity. In agreement with this hypothesis, P2X7KO mice do not produce NO 24 h after sepsis induction and are less likely to develop severe sepsis. In the presence of LPS and IFN-γ, neutrophils secrete TNF-α and produce NO, leading to an increase in ROS, a reduction of apoptosis and higher rates of phagocytosis in neutrophils [6] . A mixed inflammatory response was observed during sepsis with the participation of pro-and anti-inflammatory cytokines. The absence of the P2X7 receptor impairs the inflammasome-dependent production of IL-1β, which may lead to a decreased production of other cytokines [13] . Some cytokines such as TNF-α and IL-6 are markers of sepsis [25, 26] . TNF-α may induce a 'shock-like' syndrome and is involved with the severity of the septic shock, but the role of the P2X7 receptor in its production is controversial [27, 28] . Herein, the absence of the P2X7 receptor did not affect the increase in TNF-α production. Through the P2X7 receptor, eATP mediates the release of IL-6 in microglia, which was also diminished in the absence of this receptor [29] , contributing to the onset of sepsis. Neutrophils produce high levels of IL-17, which can induce the production of other inflammatory cytokines such as IL-6 and promote the interplay between the activities of phagocytes and lymphocytes [30] . The neutralization of IL-17A increases animal survival and reduces bacteremia and cytokine production, and it has also been reported that ATP induces a TH17 phenotype [31] [32] [33] , which is in accordance with our data obtained with P2X7KO mice. The cytokine IL-12 can be produced by γδ-lymphocytes and dendritic cells during sepsis [34] . Indeed, 24 h after sepsis there is an increase in IL-12 levels in the peritoneal wash of WT animals subjected to CLP, and this cytokine increase has already been associated with protection against sepsis [35] , although our results in P2X7KO mice do not support this hypothesis. Both the levels of IL-17 and IL-12 shown here are increased only in the P2X7KO. The compensatory anti-inflammatory response observed during sepsis is orchestrated by the cytokines IL-10 and TGF-β, which activate cells of the immune system to prevent the production of inflammatory mediators [36, 37] . TGF-β also promotes both pro-and anti-inflammatory effects, since TGF-β and IL-6 together may promote the differentiation of TH17 cells, which can have proinflammatory and cytotoxic effects, enhancing pathogen elimination [38] .
Cell death, especially by apoptosis, is one of the effects of the inflammatory burst during sepsis [26] , and high cell death is observed in leukocytes and lymphoid organs [39, 40] . We show here that the absence of the P2X7 receptor attenuated late apoptosis in infiltrating cells [41] . The P2X7 receptor has been associated with cell death, and its deficiency has reduced apoptosis in some models [18, 42] , which could contribute to our findings.
The lung is a widely studied shock organ known to be affected in CLP-induced sepsis [43] . Thus, it is not surprising that the protection against sepsis development observed in the absence of the P2X7 receptor was also evident in the lungs of P2X7KO mice subjected to CLP, which displayed fewer polymorphonuclear cells and milder structural changes than the lungs of WT mice subjected to CLP. These results are in agreement with our own published data showing the P2X7 receptor contribution to lung injury induced by LPS [18] .
Taken together, our data suggest the P2X7 receptor is an important component of the immune response during sepsis, because the P2X7KO mice have attenuated sepsisassociated inflammation and increased animal survival. This effect is probably due to the ability of the P2X7 receptor to promote cell recruitment to the site of infection and also to the increased P2X7 receptor-dependent production of inflammatory mediators at this site, resulting in higher sepsis severity in WT animals. Further studies are now necessary to address the modulation of P2X7 function during sepsis and bacterial infections. Our results add to the increasing data in support of the use of the P2X7 receptor as a pharmacological target in adjuvant therapies against severe inflammatory conditions such as sepsis.
